The performance characteristics of two cross-flow axis hydrokinetic turbines were evaluated in UNH's tow and wave tank. A 1m diameter, 1.25m (nominal) height three-bladed Gorlov Helical Turbine (GHT) and a 1m diameter, four-bladed spherical-helical turbine (LST), both manufactured by Lucid Energy Technologies, LLP were tested at tow speeds up to 1.5 m/s. Relationships between tip speed ratio, solidity, power coefficient (C p ), kinetic exergy efficiency, and overall streamwise drag coefficient (C d ) are explored. As expected, the spherical-helical turbine is less effective at converting available kinetic energy in a relatively low blockage, free-surface flow.
INTRODUCTION
Cross-flow axis hydrokinetic turbines have the ability to extract useful power from moving water, i.e. rivers and tidal flows, without the need for damming. Cross-flow axis turbine designs can receive flow from any direction, as long as it is approximately perpendicular to the axis of rotation, and do not require yaw control to turn them into the flow, as with instream axis turbines. In order to ensure these devices operate at peak efficiency, therefore capturing as much energy as possible, their performance characteristics need to be understood in various types of flow conditions. The work described in this paper compares the performance characteristics of two helical cross-flow axis turbines and explores the effects of progressive surface waves of varying periods and small scale isotropic homogeneous (grid) turbulence. This information provides insight into power output prediction, control, and environmental effects, ultimately providing a means to estimate ideal turbine operating parameters for given inflow conditions at a deployment site.
NOMENCLATURE
Turbine blade angle of attack. 
Current State of Technology
Cross-flow axis turbine technology was previously explored for wind energy applications. The most prominent type was the Darrieus turbine with two "jump-rope" shape blades (various mathematical shapes were used), which received much attention during the 1980s [1] . At the end of the 1980s the development of these straight-bladed (with respect to azimuth location) cross-flow axis turbines was essentially abandoned, since the large variations in torque, due to large variations in lift as the blade angle of attack varies throughout the rotation, caused structural fatigue failures of the turbines.
In 1995 Alexander Gorlov designed a cross-flow axis turbine with its blades swept helically to help average the periodically unsteady torques inherent in the straight bladed concept [2] . These Gorlov Helical Turbines (GHTs) are practically identical in two dimensions compared to their straight-bladed counterparts. Consequently, Darrieus turbine performance models and experimental observations are relevant.
To date, there is a scarcity of performance data for helical devices in the literature. The limited information available shows Gorlov Helical Turbines to reach efficiencies as high as 35% [3] . Peak efficiencies for smaller straight-bladed Darrieus turbines have been reported around 23% [4] , whereas the peak efficiencies of a 17m diameter Darrieus turbine at Sandia National Laboratory were reported to exceed 40% [1] .
Lucid Energy Technologies, LLP (Lucid), formerly GCK Technologies (where "G" stood for Gorlov), carried on the development of the GHT, and succeeded with several smallscale installations over the years. Lucid/GCK also provided two prototypes to the Korean Ocean Research and Development Institute (KORDI) for testing in the Uldolmok Tidal Strait [5] . Based on the experience with the Lucid/GCK GHTs, in 2009, KORDI completed their Uldolmok Tidal Current Power Plant, a full scale test project rated at 1MW. The 6.5m/s maximum current speeds are harnessed via two vertical axis helical devices [6] . In the United States, the Ocean Renewable Power Company (ORPC) is using Gorlov Helical Turbines arranged in pairs on either side of a common generator with horizontal axis in a demonstration installation in Eastport, ME [7, 8] .
Recently, Lucid developed vertical axis spherical-helical turbines to be installed in pipe sections, with the goal to harvest excess energy available in large gravity-fed water pipes, for example in irrigation or wastewater systems. The drop-in installation has been given the name Northwest PowerPipe TM [9] . Since these turbines are installed in a high blockage closed conduit, they are similar to traditional hydropower installations and the efficiency limit for turbines installed in a free stream, also known as the "Betz" limit [1, 10] does not apply.
BACKGROUND AND THEORY
One important design parameter for a cross-flow axis hydrokinetic turbine is its solidity. It is defined as the ratio of total blade planform area to swept area, expressed as:
Where N is the number of blades, c is the chord length perpendicular to the blade span, L s is the blade span length, and A s is the turbine swept area. This definition is in contrast to some definitions for straight-bladed devices. For example, Paraschivoiu defines solidity as the ratio of total chord length to radius [1] . This definition is less useful for non-cylindrical devices since their radii vary with height. For this reason, the area ratio definition of Eq. 1 was used here.
Another parameter for helical devices is blade overlap. This is the ratio of how much total blade span is projected onto the circumference of the device's rotation, which is related to helical sweep angle and turbine height.
Relevant non-dimensional turbine performance characteristics include tip speed ratio, drag coefficient, and power coefficient. Tip speed ratio is defined as r U (2) where is the angular speed of the device, r is the radius (or maximum radius if not cylindrical), and U is the free stream velocity. Drag coefficient, sometimes called thrust coefficient when discussing in-stream axis turbines or propellers, is the ratio of drag force to dynamic pressure times frontal area, defined as
where is the fluid density and A f is the turbine frontal area. Power coefficient is a similar quantity, providing a measure of the hydrodynamic efficiency of the turbine rotor. It is defined as the shaft power removed divided by the available kinetic power in the free stream for an area equal to the turbine's frontal area; expressed as
where T b is the brake torque. The parameters , , C d , and C p allow turbines of different size at different flow conditions and operating states to be readily compared.
In an actual turbine installation the electric power, P e , delivered by a hydrokinetic turbine will be further reduced by the mechanical transmission, bearing and gearbox efficiency m and an electrical generator and power conditioning efficiency e , as shown in Eq. 5. 
The product of all three efficiencies is commonly referred to as overall, or "water-to-wire" efficiency, w-w . When evaluating turbine rotors it is appropriate to eliminate gearboxes and generators and measure the hydrodynamic rotor efficiency (mechanical shaft power) directly using the brake torque loading as described in Eq. 4.
Another measure of performance often overlooked is the second law efficiency or kinetic exergy efficiency. Kinetic exergy efficiency is a measure of how well the device converts any kinetic power it removes from the flow into useful shaft power. This could be important information if turbines are to be used in series, or for environmental impact predictions.
Assuming flow through the device is incompressible, isothermal, and upstream and downstream static pressures are equalized, kinetic exergy efficiency is the ratio of useful mechanical power extracted to the total amount of kinetic power removed from the flow, which is directly related to drag using the principles of continuity, conservation of momentum, and conservation of energy. Kinetic exergy efficiency can be expressed in terms of the drag and power coefficients as follows:
Performance in Waves
The presence of a progressive surface wave creates a periodically fluctuating velocity superimposed upon the steady flow. This velocity has a zero mean value, but since cross-flow axis turbines can extract energy from the flow regardless of the direction of the incoming flow, there arises the possibility of capturing the fluid motion associated with the waves. The horizontal or streamwise component of this motion can be derived from linear small-amplitude (Airy) wave theory and written as [11] :
Where u is the horizontal velocity, g is gravitational acceleration, k is the wave number, H is wave height, h is depth from equilibrium surface, z is the vertical coordinate, x is the horizontal coordinate, is the radian frequency, and t is time.
Delay of Stall in Grid Turbulence
It was shown by Swalwell et al. in 2001 that grid turbulence can delay the static stall angle of an airfoil [12] . An example of hydrofoil performance data for a selection of symmetrical hydrofoils, presented as lift/drag ratio, is shown in Fig. 1 and stall angles can be readily identified (note that stall angle increases with hydrofoil thickness, and also with Reynolds number for each foil type). Below a certain tip speed ratio, the blade angle of attack (calculated by the vector sum of free stream and blade velocity) will exceed its stall angle, and in this condition the hydrodynamic force on the blade is producing little to no useful torque. It is shown in the free body diagrams in Fig. 2 . that torque about the rotation axis is the product of the resultant hydrodynamic force, F, and the sine of its angle, , with the radius, r, of the blade path. In a stalled condition at high angles of attack, becomes very small and can even turn negative if the ratio of lift to drag is low enough. Note that the amplitude of the angle of attack fluctuation increases as tip speed ratio decreases. If the hydrodynamic torque produced by the blades drops low enough due to excessive stall, the turbine will angularly decelerate if the resistive load torque (from a brake, generator, etc.) remains constant. This deceleration decreases tip speed ratio, worsening the stall condition. This positive feedback cycle ultimately leads to the turbine ceasing rotation altogether. Since blade angle of attack on the turbine blade is oscillating with turbine rotation, it is important to take into consideration the onset of dynamic stall. Dynamic stall is a more complex phenomenon than static stall and depends mainly on the rate of change of the foil's angle of attack [1] . Dynamic stall has been shown to improve performance in Darrieus wind turbine models. As of yet, any three dimensional effects differentiating helical turbines from straight-bladed turbines are unknown.
Since turbulence has been shown to delay static and dynamic stall [1, 12] , it is hypothesized that performance can be enhanced at lower tip speed ratios by introducing grid turbulence upstream of the device.
EXPERIMENTAL SETUP
The UNH Tow & Wave Tank is a 36.6m long, 3.66m wide, 2.44m deep facility capable of towing speeds up to 3m/s (1.5m/s for large models with low gear ratio, 3m/s for smaller models with high gear ratio) and features a flap style wave maker capable of producing waves with 1-5s periods up to 0.4m wave height. The tank was chosen as a platform to develop a hydrokinetic test bed for turbines with frontal areas up to approximately 1.25m 2 . Currently, the tow mechanism is being upgraded to allow tow speeds of 2m/s with this size turbine and 3m/s for turbines with half this frontal area.
Turbines
Lucid Energy Technologies, LLP provided two prototypes for testing, their GHT (Gorlov Helical Turbine) and LST (Lucid Spherical Turbine). 4 shows sketches of the two turbines and Table 1 gives their respective design characteristics. They are comparable in size and construction. However, the GHT is designed for open water environments (ideally to be deployed in flow speeds greater than 1.5m/s) while the LST is designed for use in a constrained circular pipe or conduit; hence it's near-circular frontal projection. There is a notable difference in solidity and blade overlap, the LST having almost twice the solidity and four times the overlap of the GHT. It was of interest to the turbine manufacturer, Lucid, to investigate how the LST performs in an open water environment compared to a similarly sized GHT.
Tow Frame
The turbine tow frame was fabricated from extruded aluminum 14cm chord NACA 0020 struts, also provided by Lucid Energy Technologies, LLP. The goal was to produce the least drag possible to conserve tow power.
Brake torque is provided by a hydraulic disk brake actuated manually by an operator onboard the carriage. The brake master cylinder has an adjustable stop to vary maximum brake pressure, indicated by a mechanical pressure gauge. 
Instrumentation
Torque is measured by an Interface T8 200Nm torque transducer mounted between the brake and turbine. The uppermost bearing features an integral 54 pulse-per-revolution magnetic pickup used to measure shaft angular speed, whose frequency is measured with a Dataforth DSCA45 frequency signal conditioner. The entire tow frame is mounted to the tow carriage by four precision linear bearing slides allowing streamwise force to be measured by two 500lbf (2224N) capacity Sentran S-beam load cells (one per side). Load cell excitation voltage and signal conditioning is supplied by Dataforth DSCA38 strain gage signal conditioners. Carriage speed is measured by a 60 pulse-per-revolution encoder driven by a 4.8cm diameter wheel, which rides along the main carriage rail. This encoder pulse frequency is measured with a Dataforth DSCA45 frequency signal conditioner. All signals are sampled at 500Hz with a National Instruments USB-6211 DAQ device.
Steady State Measurements
To ensure the measured brake torque is equal to the torque imparted by the fluid, measurements must be taken at constant angular velocity. Eq. 8 shows Newton's Second Law written for a rotating solid body neglecting friction:
This relation illustrates the need to allow the turbine to reach a steady state to prevent exaggerated measurements caused by the inertial torque associated with angular deceleration.
PIV Experiments
A 15.24cm square water channel was used to perform PIV measurements of a stalling 7cm chord NACA0012 foil with and without grid turbulence, in a free stream velocity of 0.3m/s. The grid used had a 3.18cm mesh width, circular rod cross section, 0.36 solidity, and was mounted 10 mesh widths upstream of the hydrofoil. Images were captured at 500Hz and processed with LaVision DaVis.
Blockage Correction
Since the tow tank represents a constrained flow, actual fluid velocity through the turbine will be slightly exaggerated, inflating power and drag measurements compared to a free flow case. These values are corrected using the process detailed in Appendix A of Bahaj et al., 2006 [14] . This iterative procedure provides a ratio of equivalent free flow velocity to tank velocity based on measured drag coefficient and the ratio of turbine frontal area to tank cross section. The ratio of equivalent free stream velocity to measured free stream velocity is used to correct as follows:
where the subscript "t" represents values measured in the tow tank and subscript "f" denotes the equivalent free flow value. The blockage corrections lowered power coefficients up to 30% for the GHT and 18% for the LST.
RESULTS

Tow Frame Tare Drag and Tare Torque
In order to measure actual turbine drag, tare drag on the frame is measured without a turbine installed. The data is fit with a power law curve and subtracted from turbine measurements. Fig. 7 shows the data plotted against free stream velocity. Since the LST requires two additional shaft extensions compared to the GHT, a separate set of tare drag measurements was performed with those extensions installed.
FIGURE 7. TOW FRAME TARE DRAG VERSUS TOW SPEED WITH CORRESPONDING POWER LAW FIT CURVES.
Similarly, friction torque in the bearings below the torque transducer was measured and regressed linearly versus RPM, to be added to the turbine brake torque measurement in postprocessing. Fig. 8 shows a sample data collection run (in arbitrary units, after applying a moving average smoothing filter) for one tow to illustrate how measurements vary with each other and to show a typical steady state duration of interest (16-18s).
Sample Run
FIGURE 8. SAMPLE DATA COLLECTION RUN SHOWING CARRIAGE SPEED, TURBINE SHAFT RPM, TORQUE, AND OVERALL DRAG FORCE (IN ARBITRARY UNITS).
Measurements are averaged over this region, producing one operating data point. Note that the beginning of the run shows the turbine being started manually, hence the negative torque readings. This is done to help the turbine reach steady state more quickly, since tank length is a limited. It is also done to avoid the high transient drag forces associated with allowing the turbine to self start. Fig. 9 shows the GHT power coefficient plotted versus tip speed ratio. Fig. 10 shows these same values after applying the blockage correction. There appears to be a slight shift toward higher power coefficients and tip speed ratios for higher tow speeds. A maximum blockage-corrected power coefficient of 28% is reached at a tip speed ratio of 2.1. Before blockage correction, a maximum power coefficient of 36% is observed at a tip speed ratio of 2.3. This power coefficient is closer to the 35% reported by Gorlov [3] . Fig. 11 shows blockage-corrected GHT drag coefficient plotted versus tip speed ratio. The values remain quite constant, slightly increasing as tip speed ratio increases. This makes sense since increasing tip speed ratio makes the turbine appear more and more like a solid body. In other words, the likelihood of a fluid particle passing through the device without a reduction in its momentum decreases. It is interesting that the drag on the device remains fairly constant regardless of the power taken out at the shaft. This is useful information for predicting environmental effects of these devices since it implies removal of momentum from the flow whether or not useful shaft power is extracted. Fig. 12 shows GHT kinetic exergy efficiency versus tip speed ratio (calculated using non-blockage-corrected power and drag coefficients). The curve is similar in shape to the power coefficient curve in Fig. 10 . The device reaches a peak kinetic exergy efficiency of 46% at a blockage-corrected tip speed ratio of 2.1.
Steady GHT Measurements
FIGURE 12. GHT KINETIC EXERGY EFFICIENCY VERSUS BLOCKAGE-CORRECTED TIP SPEED RATIO.
Steady LST Measurements axis. Tendency to operate at lower tip speed ratios can be attributed to the device's higher solidity, consistent with findings on the operation of the Darrieus wind turbine [1] . Note that the power conversion efficiency of the LST has been measured at up to 46% when installed in a closed conduit of 4 ft (1.22m) diameter [15] . Fig. 14 shows the LST drag coefficient data plotted against tip speed ratio. Similar to the GHT, the values remain fairly constant with a slight trend toward higher C d at higher . However, the LST overall has a lower drag coefficient. This can be partially attributed to its lack of center shaft.
FIGURE 15. LST KINETIC EXERGY EFFICIENCY VERSUS
BLOCKAGE-CORRECTED TIP SPEED RATIO. Fig. 15 shows LST kinetic exergy efficiency plotted versus blockage-corrected tip speed ratio (calculated using nonblockage corrected power and drag coefficients). Like the GHT, kinetic exergy efficiency plotted against tip speed ratio has the same general shape as the power coefficient versus tip speed ratio, and the maximum value corresponds to the tip speed ratio for maximum power coefficient. The LST has a notably lower maximum kinetic exergy efficiency of 35% compared to the GHT's 46%.
GHT Performance in Waves
Turbine performance for the GHT was measured while being towed 1.0-1.1m/s against the direction of propagation of four different types of 0.15m high waves, having periods 1, 1.5, 2, and 2.5s. Fig. 16 shows how the amplitude of the theoretical horizontal wave velocity and particle displacement vary with depth, as calculated from Eq. 7. These parameters averaged over turbine height are shown along with theoretical wavelength in Table 2 . Fig . 17 shows GHT power coefficient plotted versus tip speed ratio (not corrected for blockage) for carriage speeds of 1.0-1.1m/s. In general, an increase in power coefficient and tip speed ratio is observed towing in waves, including an approximate 11% increase in power coefficient in the 1.5s period wave. With increasing brake torque, the turbine stalled at higher tip speed ratios in waves than in steady flow. For the longest wave period, 2.5s, the turbine stalled at a much higher tip speed ratio than usual. This can be explained when the theoretical wave velocity is included in the calculation of turbine blade angle of attack. Fig. 18 shows the theoretical angle of attack assuming a 30% induction (this is close to the induction values estimated from blockage corrections) for the non-blockage-corrected peak operating tip speed ratio, 2.33. The solid red line includes the theoretical fluctuating streamwise wave fluid velocity from the 2.5s period wave averaged over the turbine's height. It seems that the wave fluid velocity is increasing blade angle of attack beyond its stall angle for some rotations, explaining why the turbine would not operate at this tip speed ratio while this wave was present. 
Effects of Turbulence
PIV Experiments. To qualitatively observe the static stall delay phenomenon described by Swalwell et al. [12] , A 36% solid grid with 3.18cm mesh size was placed 10 mesh widths upstream of a 7cm chord NACA 0012 hydrofoil in a 15.24cm square UNH water channel. The foil was placed at 9 degrees angle of attack in a 0.3m/s free stream velocity (Re c =21,000). Flow was measured using high frame-rate stereo PIV. A photograph of the experimental setup is shown in Fig. 19 . Preliminary sample results for the hydrofoil's instantaneous velocity and vorticity fields with streamwise turbulence levels of 1% (tunnel background turbulence) and 5% (with upstream grid) are shown in Fig. 20 . In the higher turbulence case, the separation point seems to move towards the trailing edge of the hydrofoil, and the separated region becomes smaller, indicating a reduction in drag-inducing pressure on the lower surface.
GHT Performance in Grid Turbulence
The hydrokinetic turbine test bed was expanded to enable testing of turbines in grid turbulence. A turbulence generating grid was fabricated with a 36% solidity and mesh size of 6.4cm, placed 10 mesh widths upstream (10M) from the edge of the turbine blade sweep, shown in Fig. 21 . The grid wire diameter Reynolds number at 1m/s is about 12,000, and the turbine location is between 10M and 25M downstream. A Nortek Vectrino+ Acoustic Doppler Velocimeter (ADV) was mounted approximately 5 mesh widths downstream from the grid, measuring velocity at a sample rate of 200Hz. Average turbulence intensities in the cross and streamwise directions were measured to be 23% at this location, confirming the finding of Groth and Johansson [16] that turbulence anisotropies quickly subside downstream of high Reynolds number, supercritical grids (i.e., the anisotropy measure v rms /u rms quickly converges to one). Upon further comparison to the results of [16] , the turbulence intensities at the front edge of the turbine sweep (10M from the grid) should be approximately halved, or 11%. The grid turbulence will then experience a power law decay as described by Batchelor and Townsend [17] . However, here the decay of turbulence intensity is more complicated due to the induction exerted by the turbine, as well as the interaction with turbine blades, and will be less than that reported by [16] .
FIGURE 21. UNH-CORE HYDROKINETIC TURBINE TEST BED
WITH GRID TURBULENCE GENERATOR INSTALLED. Fig. 22 shows power coefficient plotted versus tip speed ratio for the GHT in grid turbulence. A larger range of tip speed ratios is observed, though their true value in turbulence is difficult to estimate. From ADV measurements at 5M without the turbine spinning, the average fluid velocity at the turbine in grid turbulence was estimated to be 0.87 times the carriage speed. Turbine tip speed ratio, power coefficient, and drag coefficient are all computed with this value, hence further measurement to gain more confidence regarding the mean velocity field encountered by the turbine downstream of the grid should be conducted. Despite the difficulty in comparing absolute values to the steady flow case, the shape of the plot in Fig. 22 shows a small decrease in power coefficient at high tip speed ratios and a slight increase for lower ones. This combined with the larger range of operating tip speed ratios suggests stall delay is occurring, though the effects are subtle. coefficients in grid turbulence to steady flow difficult, but the slope of the trends seems to indicate turbulence more rapidly increasing drag coefficient at higher tip speed ratios.
CONCLUSIONS
The GHT was more effective than the LST at capturing hydrokinetic energy in a tow tank environment, with measured, blockage-corrected maximum power coefficients of 28% and 21%, respectively. The performance difference between the GHT and LST can be attributed partially to the LST's higher solidity and smaller average radius. The solidity also explains the lower operating tip speed ratios of the LST. Drag coefficients remain remarkably constant regardless of power extraction and the LST is in general a lower drag device.
Peak kinetic exergy efficiency for the GHT is 46% while only 35% for the LST. It would be interesting to see how these change for different blockage scenarios.
The GHT seems to be an effective converter for some of the kinetic energy within progressive surface waves. However, the presence of a wave limits the turbine's lowest operating tip speed ratio due to the wave's streamwise velocity fluctuation augmenting turbine blade angle of attack.
In isotropic homogeneous turbulence, the GHT power coefficient and drag coefficient curves slightly change shape. Relative to the non-turbulent case, power coefficients are slightly lower at high tip speed ratios and slightly higher at lower tip speed ratios. The range of operable tip speed ratios seems to increase in grid turbulence, possibly due to a delay of stall effect. Drag coefficient seems to increase more rapidly for higher tip speed ratios compared to the non-turbulent case.
Future work will include tows in larger scale turbulence, more akin to what a device would encounter in a real tidal or river flow.
